Bdelloid rotifers, a class of freshwater invertebrates, are extraordinarily resistant to ionizing radiation (IR). Their radioresistance is not caused by reduced susceptibility to DNA double-strand breakage for IR makes double-strand breaks (DSBs) in bdelloids with essentially the same efficiency as in other species, regardless of radiosensitivity. Instead, we find that the bdelloid Adineta vaga is far more resistant to IR-induced protein carbonylation than is the much more radiosensitive nematode Caenorhabditis elegans. In both species, the dose-response for protein carbonylation parallels that for fecundity reduction, manifested as embryonic death. We conclude that the great radioresistance of bdelloid rotifers is a consequence of an unusually effective system of anti-oxidant protection of cellular constituents, including those required for DSB repair, allowing bdelloids to recover and continue reproducing after doses of IR causing hundreds of DSBs per nucleus. Bdelloid rotifers therefore offer an advantageous system for investigation of enhanced anti-oxidant protection and its consequences in animal systems.
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cell death | Deinococcus radiodurans | desiccation | DNA breakage B delloid rotifers, small freshwater invertebrates known for their remarkable ability to survive and resume reproduction after desiccation at any life stage are also extraordinarily resistant to ionizing radiation (1, 2) . The association of radioresistance with resistance to desiccation, seen also in Deinococcus radiodurans and other desiccation-resistant bacteria (3), may be explained as an evolutionary adaptation to survive exposure to oxidative molecular species generated by the disruption of electron-transport chains during desiccation (4, 5) . The radioresistance of D. radiodurans has been variously ascribed to an unusual chromosome alignment that keeps homologous regions together (6), a special mechanism for the repair of double-strand breaks (DSBs) in DNA (7), and protection of protein against radiolytically produced oxidative species (8). Here we show (i) that the principal factor responsible for the extreme radioresistance of bdelloid rotifers is their possession of a greatly enhanced system of anti-oxidant protection as assayed by protection against ionizing radiation (IR)-induced protein carbonylation and (ii) that irradiation of bdelloid oocytes and Caenorhabditis elegans germline mitotic cells results not in their own death but rather in the death of the embryos descended from them.
Results and Discussion
Radioresistance and Protection Against Protein Carbonylation. The extreme radioresistance of bdelloid rotifers, greater than that known for any other animals, is exemplified by the dose-response for fecundity reduction in the bdelloids Adineta vaga and Philodina roseola compared with that for the nematode C. elegans and the monogonont rotifer Euchlanis dilatata (Fig. 1A) . Similarly, the ability to respond to touch, which is much more radioresistant than reproduction, is more radioresistant in A. vaga than in C. elegans (Fig. 1B) .
The cause of bdelloid radioresistance is not to be sought in reduced susceptibility to IR-induced DNA breakage or in an unusually small genome because γ-radiation produces essentially the same number of DSBs per megabase per gray (∼0.005 Gy
in A. vaga as in other eukaryotes, and its genome is not smaller than that of C. elegans (1). Instead, it has been proposed that a major contributor to bdelloid radiation resistance is an enhanced capacity for scavenging reactive molecular species generated by IR and that the proteins and other cellular components thereby protected include those essential for the repair of DSBs but not DNA itself (1) . In agreement with this explanation, we find that A. vaga is far more resistant than C. elegans to IR-induced protein carbonylation, a reaction of hydroxyl radicals with accessible side chains of certain amino acids (9, 10) , and that the dose-response for fecundity reduction is paralleled by that for carbonylation in both species (Fig. 2 A and B) . Thus, the pronounced shoulder in the dose-response for bdelloid fecundity is accompanied by a corresponding lag in carbonylation whereas the nematode displays little if any shoulder or lag and the sharp decrease in its fecundity with dose is accompanied by a correspondingly steep rise in carbonylation. At the highest doses, carbonylation reaches a plateau that is the same in both species (Figs. 2B and 3 ), indicating that the difference in their susceptibility to IR-induced carbonylation is not caused by a difference of their proteins but results instead from greater protection against carbonylation in the bdelloid.
Not only does protein carbonylation parallel fecundity reduction over the dose range in which fecundity was measured, it further appears that the quantitative relation between IR-induced carbonylation and fecundity reduction is approximately the same in A. vaga and C. elegans. Thus, a 10-fold reduction in fecundity is accompanied by a like degree of IR-induced carbonylation in both species ( Fig. 2A) . Similarly, the quantitative relation between carbonylation and colony-forming ability in the radioresistant bacteria D. radiodurans is the same as that for Escherichia coli (11). The dose-response for reproductive killing is therefore predictable from that for protein carbonylation in both cases, implying that essentially all of the enhanced radioresistance of A. vaga and D. radiodurans may be accounted for by their high levels of anti-oxidant protection and that no unrelated factor such as an unusual mechanism of DSB repair (7) makes a significant contribution.
Nature of the Bdelloid Anti-Oxidant System. Although the biochemical identity of the bdelloid anti-oxidant system remains to be established and may or may not be like that of D. radiodurans (11, 12) , some of its features may be specified on the basis of present knowledge: (i) As irradiation was done on ice, the system is present constitutively, consistent with the lack of a dose-rate effect for fecundity reduction (Fig. 1A) . (ii) The steep rise in A. vaga carbonylation beyond a dose of ∼400 Gy indicates that the system is largely depleted beyond that dose. (iii) The lack of any evident lag in C. elegans carbonylation indicates that the relevant anti-oxidant capacity of the bdelliod is much greater The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: msm@wjh.harvard.edu.
than that of the nematode. (iv) The anti-oxidant system is unable to protect DNA against breakage (1), consistent with electron track modeling showing that the compaction of chromatin in chromosomes renders DNA inaccessible to hydroxyl radicals radiolytically produced in the surrounding medium, leaving direct energy deposition in DNA as the principal cause of DSBs (13) and accounting for the uniform susceptibility of chromosomal DNA to IR-induced breakage across a diversity of species, regardless of their radiosensitivity.
Delayed IR-Induced Killing and the Involvement of DNA Damage in IRInduced Cell Killing. Even at the highest doses at which fecundity was measured, irradiation had no effect on the number of eggs deposited by A. vaga (1) and no more than a modest effect, if any, on the number of eggs deposited by C. elegans, but instead gave rise to eggs that failed to hatch. Unlike the embryonic structures seen in non-irradiated eggs, such eggs contain numerous cells but no recognizable embryonic structures although, in the case of C. elegans, there is a fertilization envelope, indicating sperm penetration. Thus, IR reduces fecundity not by killing the germline cells present at the time of irradiation-primary oocytes in A. vaga and premeiotic cells in C. elegans-but rather by causing lethality in the embryos descended from them. Such delayed reproductive death is distinct from the apoptotic death of C. elegans oocytes irradiated at pachtytene (14) . Instead, irradiation of premeiotic C. elegans germ cells and somatic cells causes cell cycle delay followed by necrotic death generations later, resembling the IR-induced clonogenic death of mammalian cells (15, 16 ). An extreme example of IR-induced delayed reproductive death occurs in bdelloid and monogonont rotifers where a dose of IR causing a given reduction in fecundity of irradiated parents causes nearly the same reduction in the fecundity of their progeny (1) .
The delayed manifestation of IR-induced lethality, especially across generations, must mean that there are IR-induced alterations with the ability to replicate or to initiate self-sustaining processes that persist through numerous germline and somatic cell divisions, including meiosis in the nematode (the bdelloid being ameiotic), eventually causing lethality in a dosedependent manner. Diverse mechanisms, some requiring DNA breakage and some not, have been proposed to explain IR-induced delayed reproductive lethality. Those requiring DNA breakage include progressively increasing aneuploidy and gene loss via the breakage-fusion-bridge cycle or, for holocentrics, via recurring mis-segregation of chromosome fragments (17) . Certainly, IR-induced DNA breakage can kill cells without any requirement for damaged protein. This is seen, for example, in yeast, where G1 haploids, lacking homologous templates for DSB repair, are far more radiosensitive than diploids (18) even though a haploid lethal dose must cause correspondingly less damage to protein. Moreover, there appear to be no species so radiosensitive, not even the extremely radiosensitive anaerobic bacterium Shewanella oneidensis, that it is killed by a dose clearly too small to cause at least one DSB (19) . Nor is it ruled out that DNA breakage is required to cause the delayed reproductive death of non-irradiated cells in the presence of irradiated cellsthe bystander effect (20) .
Thus, in the present case, IR-induced cell killing may require DNA breakage, and the correlation with protein carbonylation may simply reflect the inactivation of cellular components required for successful DNA repair. There is, however, a necessary qualification. Consider, for example, the case in which fecundity is reduced 10-fold in both A. vaga and C. elegans. Although the degree of IR-induced carbonylation is essentially the same for both species, there will be many more DSBs in the bdelloid. Equal survival in the two cases then requires that A. vaga be able to repair a large number of DSBs with the same probability as that with which C. elegans repairs a much smaller number, possibly through the operation of checkpoints in both species that delay the cell cycle until repair is complete (14) . The decrease of fecundity with dose would then be caused not by the increasing number of initial DSBs, but rather by the increasing likelihood that the DNA repair system is inactivated. The situation also arises in bacteria where, as mentioned above, the degree of IRinduced protein carbonylation bears the same quantitative relation to survival in both D. radiodurans and E. coli (11), raising the question of whether bacteria have such checkpoints (21) . In some cases, however, IR-induced delayed reproductive death may depend on heritable effects not requiring DNA breakage (22) . Effects that have been proposed in this regard include altered gene expression resulting from aberrant DNA cytosine methylation (23) , centrosome amplification leading to multipolar mitosis (24) , and self-sustaining production of hydrogen peroxide and elevated oxidative stress associated with mitochondrial dysfunction (25) . Indeed, the question of how IR kills cells, with its important implications for radiotherapy, is a matter of continuing debate (26, 27) . The parallel that we find between radiosensitivity and anti-oxidant status may well extend to diverse animal species and cell types. Bdelloid rotifers, with their greatly enhanced anti-oxidant status, therefore provide a unique system for investigation of the consequences of oxidative damage and anti-oxidant protection in animal systems generally.
Materials and Methods
A. vaga (gift of Claudia Ricci, University of Milan, Milan, Italy) was cultured at 25°C in spring water with E. coli grown in LB broth and harvested as described (1), washed with spring water on a 10-μM Nitex screen under mild vacuum, and rinsed with 2 mL of spring water supplemented with 1.25 mM KH 2 PO 4 /K 2 HPO 4 (pH 6), 0.05 mM M MgSO 4 into 2-cm plastic petri dishes for irradiation. Rotifers from each dose group were individually placed in separate wells of a 96-well microtiter dish with a small amount of E. coli and kept 10 d to allow completion of egg deposition. Hatchlings, identified by their small size, were counted and removed daily. Dead parents and dead hatchlings were rare, and the number of eggs produced (hatchlings plus unhatched eggs) was independent of dose. Relative fecundity at each dose was taken as the total number of hatchlings normalized to the number produced by nonirradiated animals. The mean number of eggs deposited per animal was 12.
C. elegans wild-type N2 was cultured at 25°C on nematode growth medium (NGM) agar plates seeded with E. coli OP50 grown in LB broth. Young (nongravid) L4 larvae from age-synchronized cultures were rinsed three times by gravity sedimentation through spring water supplemented with 1.25 mM KH 2 PO 4 /K 2 HPO 4 (pH 6), 0.05 mM MgSO 4 , transferred to microcentrifuge tubes containing 2 mL of the same solution, and irradiated. For measuring fecundity, nematodes from each dose group were poured onto nonseeded NGM plates, individually transferred to wells of 12-well dishes containing agar seeded with E. coli, and removed after 24 h, at which time nearly all animals were alive with no indication of excess lethality up to 800 Gy, the highest dose at which C. elegans fecundity was measured. Live larvae were counted in each well after an additional 24 h. Relative fecundity at each dose was determined from cohorts of 12-48 animals in three separate experiments as the average of the number of live larvae produced per live parent, normalized to the number produced at zero dose. Dead larvae and unfertilized eggs (oocysts) were rare, and their frequency was unrelated to dose. In contrast, the number of unhatched eggs increased with dose and accounted for most of the decrease in live larvae. The principal effect of irradiation was therefore to prevent normal development and hatching of deposited eggs rather than to decrease the total number deposited. The mean number of live larvae produced by non-irradiated animals was 71.
Irradiation was done on ice with a 137 Cs source delivering 26-38 Gy/min, depending on the sample position. Protein carbonylation was determined by ELISA (OxyELISA, Millipore) and by Western blotting (OxyBlot, Millipore). For carbonylation assays, ∼1,000 animals were centrifuged for 15 min at 4,000 × g, resuspended in 150 μL PBS (OxyBlot) or the provided lysis buffer (Oxy-ELISA), in both cases supplemented with one mini tablet of Roche Complete Protease Inhibitor without EDTA per 10 mL, followed by two liquid nitrogen freeze-thaw cycles, homogenization in a microtissue grinder, and centrifugation 20 min at 12,000 × g. The supernatant was diluted 10-fold or more with PBS without protease inhibitor to a protein concentration of 10 μg/mL (Lowry). All steps up to this point were done on ice or at 4°C. Samples were then supplemented with 10 mg/100 μL lipid removal agent (Sigma; 13360-U), kept 1 h at room temperature, and centrifuged 15 min at 10,000 × g. For Western blots, the supernatant was derivatized with 2,4-dinitrophenylhydrazine (DNPH), run on SDS/PAGE gels, and the derivatized proteins were transferred to PVDF membranes and treated with the provided primary and secondary antibodies as specified in the Millipore OxyBlot Protein Oxidation Dectection Kit. Carbonylated protein was visualized on autoradiographic film using the Amersham ECL Advance chemiluminescence detection system (Fig. 2B) . Relative values of protein carbonylation (Fig. 3) were obtained by scanning comparable sections of individual lanes with an HP Scan Jet model 4850, followed by background subtraction and analysis with Image J software (28) . To verify that equal amounts of protein were run in each lane, half of each derivatized sample was run in parallel on SDS/PAGE gel followed by silver staining. For Oxy-ELISA, the 10,000 g supernate was assayed for carbonylated protein as described in the Millipore OxyELISA Oxidized Protein Quantitation kit, and values of nM carbonyl per mg protein ( Fig. 2A) were obtained by comparison with a calibration series using the provided albumin standards. 
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